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ABSTRACT
High-energy neutrino flares are interesting prospective counterparts to photon flares, as their detection would guarantee
the presence of accelerated hadrons within a source, provide precious information about cosmic-ray acceleration and
interactions, and thus impact the subsequent modeling of non-thermal emissions in explosive transients. In these sources,
photomeson production can be efficient, producing a large amount of secondary particles, such as charged pions and
muons, that decay and produce high-energy neutrinos. Before their decay, secondary particles can experience energy
losses and acceleration, which can impact high-energy neutrino spectra and thus affect their detectability. In this work,
we focus on the impact of secondary acceleration. We consider a one zone model, characterized mainly by a variability
timescale tvar, a luminosity Lbol, a bulk Lorentz factor Γ. The mean magnetic field B is deduced from these parameters.
The photon field is modeled by a broken power-law. This generic model allows to evaluate systematically the maximum
energy of high-energy neutrinos in the parameter space of explosive transients, and shows that it could be strongly
affected by secondary acceleration for a large number of source categories. In order to determine the impact of secondary
acceleration on the high-energy neutrino spectrum and in particular on its peak energy and flux, we complement these
estimates by several case studies. We show that secondary acceleration can increase the maximum neutrino flux, and
produce a secondary peak at the maximum energy in the case of efficient acceleration. Secondary acceleration could
therefore enhance the detectability of very-high-energy neutrinos, that will be the target of next generation neutrino
detectors such as KM3NeT, IceCube-Gen2, POEMMA or GRAND.
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1. Introduction
The observations of explosive transients, strengthened by
the high sensitivity and time resolution of current instru-
ments, shed light on a great diversity of astrophysical phe-
nomena. The variety of information carried by photons, cos-
mic rays, neutrinos and gravitational waves help to better
understand the physical properties of astrophysical sources,
including energetic transients. The recent detection of grav-
itational waves (Abbott et al. 2016b,a), in particular asso-
ciated with the merger of two neutron stars (Abbott et al.
2017), has illustrated the power of the multimessenger ap-
proach. In this picture, high-energy neutrinos (> 1012 eV)
play an important role, as their detection provides the ev-
idence of hadron acceleration and interactions. The asso-
ciation of high-energy neutrinos with astrophysical sources
would therefore help to identify various classes of cosmic-
ray accelerators, and notably the sources of cosmic rays
above 1015 eV, that still need to be clearly identified among
various theoretical candidates, as for instance gamma-ray
bursts, active galactic nuclei, tidal disruption events or new-
born pulsars. Since the first detection of high-energy as-
trophysical neutrinos (Aartsen et al. 2013a), the IceCube
collaboration has detected more than a hundred of cosmic
neutrinos between 1013 eV and 1016 eV. Moreover, methods
for time-variable searches of neutrinos have been developed
(e.g. Abbasi et al. 2012; Aartsen et al. 2013b, 2015b). The
first hints of high-energy neutrino coincidence with blazar
Send offprint requests to: cguepin@umd.edu
flares (Aartsen et al. 2018) highlight the importance of ob-
servational and theoretical coincidence studies. By increas-
ing the sensitivity and the accessible energy range, the next
generation of high-energy and very-high energy neutrino
detectors such as IceCube-Gen2 (Aartsen et al. 2015a), or
for instance the Probe of Extreme Multi-Messenger Astro-
physics (POEMMA: Olinto et al. 2017), Giant Radio Array
for Neutrino Detection (Alvarez-Muniz et al. 2018), Trinity
(Otte et al. 2019) or Radio Neutrino Observatory (RNO:
Aguilar et al. 2019) concepts, will be decisive for the asso-
ciation of high-energy neutrinos with astrophysical sources.
The peak flux and peak energy of high-energy neutrino
flares determine the optimal instruments for their detection.
Their maximum energy is related to the energy of acceler-
ated protons, taking into account the energy losses of secon-
daries, namely charged pions, muons and kaons (e.g. Wax-
man & Bahcall 1997). Acceleration of secondaries is less
frequently mentioned, although it could modify the neu-
trino spectrum, produce a peak at higher energies, and thus
impact the detectability of high-energy neutrino sources.
Among the studies considering the acceleration of secon-
daries, Murase et al. (2012, Appendix A) examined stochas-
tic acceleration of secondaries by turbulence in gamma-ray
bursts. Klein et al. (2013) considered linear acceleration ap-
plicable to various sources classes. Reynoso (2014) andWin-
ter et al. (2014) studied a two-zone model with gamma-ray
bursts properties, with an acceleration zone and a radia-
tion zone. In this latter case, secondaries diffuse in the ra-
diation zone and can move back into the acceleration zone,
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where they are accelerated. Given the variety of potential
sources of high-energy neutrinos, and the aforementioned
importance of coincidence studies, it seems timely to study
secondary acceleration in a general model, applicable to nu-
merous categories of explosive transients.
In this work, we assess systematically the impact of sec-
ondaries acceleration on the detectability of high-energy
neutrino flares in coincidence with photon flares, for var-
ious categories of explosive transients. We consider a one
zone model, where acceleration and radiation processes can
take place. In keeping with the general approach presented
in Guépin & Kotera (2017), we describe explosive transients
with a handful of parameters: the distance from the source
Ds, the total luminosity of the source measured during the
flare Lbol, the variability timescale of the emission tvar, and
the bulk Lorentz factor of the outflow Γ or the Doppler fac-
tor δ = 1/[Γ(1 − β cos θ)]. In the following, we consider an
emission towards the observer, such as θ = 0. The radia-
tion background associated with the observed photon flare
serves as a target for photohadronic interactions produc-
ing neutrinos. In Section 2, we describe the one-zone model
and the energy-gain and energy-loss processes considered.
In Section 3, we compare the maximum energy of high-
energy neutrinos obtained without or with acceleration of
secondaries. In Section 4, we give benchmark examples of
high-energy neutrino spectra for several source categories,
in order to highlight the impact of secondary acceleration
on high-energy neutrino detectability. We summarize and
discuss the implication of our results in Section 5.
2. One-zone model - general aspects
In the following, all primed quantities are in the comov-
ing frame of the flaring region, and other quantities are in
the observer frame. The flaring region is characterized by
a spherical comoving size R′ ∼ δctvar. The magnetic field
is B′ ∼ [2ηBLbol/(δ6c3t2var)]1/2, by setting U ′B = ηBU ′rad,
where U ′B = B
′2/8pi is the comoving magnetic energy den-
sity and U ′rad = L
′
bol/4piR
′2c is the comoving photon en-
ergy density of the flare. In the following, we set ηB = 1.
The ambient photon field is modeled by a broken power-
law, with a break energy ′b and spectral indices a < 2 and
b > 2, respectively below and above ′b, such that dn
′
γ/d
′ =
L′b/(4piR
′2c′2b ) × (′/′b)−x, where x = a for ′ < ′b and
x = b for ′ > ′b, and L
′
b ' L′bol/(1/(2− a) + 1/(b− 2)).
In this work, we consider that protons are present in
the flaring region, and focus on high-energy neutrino flares
produced though photohadronic interactions, namely pho-
topion production pγ → Npi, where N is a hadron and pi
is a pion. Neutral pions decay into gamma rays pi0 → 2γ,
whereas charged pions decay into leptons and neutrinos,
according to the scheme pi+ → µ+ + νµ, pi− → µ− + ν¯µ,
µ+ → e+ + ν¯µ + νe and µ− → e− + νµ + ν¯e. The contribu-
tion of charged pions and muons is accounted for and the
contribution of kaons is neglected. These particles usually
contribute to the high-energy part of the neutrino spectrum
with a lower contribution than pions and muons. Each ac-
celerated proton can produce typically Npi = 2 to 5 pi-
ons before losing a significant fraction of its initial energy
(given the photopion production inelasticity and energy-
loss timescale shown below), and about 50% of the pi-
ons produced through photopion production are charged
pions. We do not distinguish between neutrinos and anti-
neutrinos. The multiplicity does not depend on energy or
interaction channel, even if we note that more than one
charged pion can be produced in the multi-pion production
regime, for high photon energy in the parent particle rest
frame. Finally, we do not account for neutrinos produced
though neutron decay as they reach lower energies. More-
over, we do not consider any hadronic background, as for
flaring backgrounds, in most of the cases it leads to subdom-
inant contributions to the high-energy neutrino production
(see related discussion in Guépin & Kotera 2017). Steady
hadronic background can be dominant in several categories
of explosive transients associated with the death of massive
stars, therefore these cases should be considered with care
by evaluating the photon and baryon densities and com-
paring the photohadronic and purely hadronic interaction
timescales.
Protons can be accelerated and lose energy before they
escape the region, or interact with the ambient photon
field and produce pions. The secondary particles produced
though photopion production can also experience accelera-
tion and energy losses before they decay and produce neu-
trinos. We adopt a simplified approach, where the energy
evolution of particles is described by the generic equation
dE′
dt′
=
dE′
dt′
∣∣∣∣
gain
− dE
′
dt′
∣∣∣∣
loss
. (1)
The gain and loss terms correspond respectively to accel-
eration and energy loss processes. They can be estimated
using characteristic timescales tacc for the acceleration pro-
cess, and tloss for each energy-loss process considered. In
addition to this treatment of quasi-continuous particle en-
ergy evolution, we adopt a random treatment for photopion
production, charged pion and muon decay, and escape from
acceleration process. In the following, we detail the various
timescales and random treatments mentioned above.
A large variety of physical mechanisms leading to par-
ticle acceleration have been explored in the literature, such
as shock acceleration, turbulent acceleration, shear accel-
eration, unipolar induction or magnetic reconnection, as a
few examples. In this work, we adopt a general phenomeno-
logical description of particle energization, described by the
timescale t′acc ∼ E′/E˙′gain. With astrophysical plasmas be-
ing highly conductive, the typical acceleration timescale can
be related to the Larmor time t′acc ∼ η−1acct′L = η−1accE′/ceB′,
with ηacc ≤ 1. The case ηacc = 1 corresponds to a max-
imally efficient acceleration, and can be obtained for in-
stance in the case of linear acceleration in perfectly con-
ducting and relativistic plasmas. Physical mechanisms lead-
ing to particle acceleration often involve scattering against
magnetic inhomogeneities. In this specific context, t′acc ∝
t′L(ct
′
L/lB)
αt (e.g. Lemoine & Waxman 2009), where lB is
the coherence length of the magnetic field, and αt = 1 for
ct′L > lB and αt = βt − 1 for ct′L < lB , with βt the spectral
index of the turbulence power spectrum. For a given energy,
t′acc reaches its minimum value for ct′L = lB , which corre-
sponds to the so-called Bohm regime t′acc ∝ t′L. In the fol-
lowing, we consider a maximally efficient acceleration with
t′acc = t
′
L, and thus study the conditions for which secondary
acceleration should have the strongest impact. In addition
to this description of acceleration timescale, we consider
that the particles experience some kind of scattering pro-
cess and have a probability pesc of escaping the acceleration
process every scattering or cycle—typically every Larmor
time t′L in the regime studied. This classical description of
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stochastic collisions, with a constant escape probability pesc
and a constant fractional energy increase ηE ≡ dE/E per
cycle, produces power-law particle spectra dN/dE ∝ E−α
with α = 1−log(1−pesc)/ log(1+ηE). It allows to treat self-
consistently the acceleration, energy-losses and interactions
of protons, charged pions and charged muons.
As regards energy-loss processes, we consider syn-
chrotron and adiabatic energy losses, for which t′syn =
6pi(mc2)2/[(me/m)
2σTcB
′2E′] and t′dyn = δtvar. Inverse
Compton and Bethe-Heitler processes, that are often sub-
dominant over the energy range of interest, are neglected.
Photohadronic interactions of pions, that can lead to pion
cascades, are also neglected. We discuss their impact in ap-
pendix A.
The aforementioned simplifications allow to solve equa-
tion 1 analytically, under a quasi-continuous approxima-
tion, and obtain an indicative time evolution of the energy
of the particles. Equation 1 becomes
dE′
dt′
= −A2E′2 −A1E′ +A0 ,
=
∆
4A2
[
1− 1
∆
(2A2E
′ +A1)
2
]
, (2)
with:
A2 = (me/m)
2
σTcB
′2/[6pi(mc2)2] ,
A1 = (δ tvar)
−1 ,
A0 = ceB
′ ,
∆ = A21 + 4A0A2 .
(3)
We set x2 = (2A2E′ +A1)
2
/∆ and x0 = x(t′ = 0). For
x = 1, E′ ≡ E′lim = (
√
∆−A1)/2A2. For E′(t′ = 0) < E′lim,
the energy increases with time
E′(t′) =
√
∆
2A2
th
(
1
2
√
∆ t′ + argth(x0)
)
− A1
2A2
, (4)
and for E′(t′ = 0) > E′lim, the energy decreases
E′(t′) =
√
∆
2A2
coth
(
1
2
√
∆ t′ + argcoth(x0)
)
− A1
2A2
. (5)
Equations 2, 3 and 5 are still valid without acceler-
ation, with A0 ≡ 0. In the case of charged pions and
muons, their energies evolve until their decay. We assume
that the times at which photopion production, charged
pion decay or charged muon decay occur are characterized
by exponential distributions, with characteristic times t′pγ ,
t′pi = τpiE
′
pi/mpic
2 and t′µ = τµE′µ/mµc2. The energy-loss
timescale related to photopion production
t′−1pγ '
〈σpγκpγ〉Lbol
4piδ5c2t2varb
1
1− a
[
a− b
1− b −
(
th
b
)1−a]
, (6)
depends on the photon spectrum, the cross section and in-
elasticity of photopion production σpγ and κpγ , and the
interaction threshold energy th.
Combining this analytical energy evolution and random
treatment of photopion production, pion and muon decay
and acceleration allows to explore efficiently the proper-
ties of high-energy neutrino flares in the parameter space
of transient sources. The maximum neutrino energies de-
scribed in section 3 are obtained by computing only the
maximum energies of protons, charged pions and muons.
The neutrino spectra presented in section 4 require to com-
pute the energy evolution in various energy bins. We ini-
tially inject a mono-energetic spectrum of protons in the
flaring region, with a Lorentz factor γp = 1 and follow the
energy evolution of a large number of particles. All particles
entering or produced in the flaring region are accelerated,
with a constant probability pesc of escaping the acceleration
process at each scattering time. After they escape the accel-
eration process, they only lose energy before they interact,
decay or escape the flaring region. The number of particles
in each energy bin pondered with the adequate normal-
ization gives the final spectra. This normalization depends
on the source properties and on the primary spectra—the
mono-energetic spectrum for protons, the spectrum of pro-
tons undergoing photopion production for charged pions
and the spectrum of decayed charged pions for charged
muons. In addition to the semi-analytical calculation of
high-energy neutrino spectra described above, we use a gen-
eral propagation and interaction code, comprised of mod-
ules from CRPropa (Merten et al. 2017) and a Monte
Carlo code (e.g. Kotera et al. 2009), in which we imple-
ment our phenomenological treatment of particle energiza-
tion for protons, charged pions and charged muons. This
code gives similar high-energy neutrino spectra, and allows
to compute precisely the spectrum of escaping protons. In
addition to tables of interaction or energy-loss lengths of
the different processes described above, we also include in
this code subdominant processes, as inverse Compton and
Bethe-Heitler losses.
Finally, we note that protons escaping the flaring region
do not contribute to the high-energy neutrino spectrum.
The neutrinos produced during the large-scale propagation
of protons from the source to the Earth do not contribute
to the neutrino flare, in the absence of spatial and temporal
coincidence due to proton deflections during their propaga-
tion. We note that charged pions and muons escaping the
source before they decay could still contribute to the neu-
trino flare, due to their short decay times. The high-energy
neutrino spectra described in section 4 are not impacted
by the escape of charged pions and muons, as acceleration,
synchrotron and decay are the dominant processes.
3. Maximum neutrino energy
The maximum energy of high-energy neutrinos produced
through photohadronic interactions can be represented in
parameter space tvar, Lbol, for different bulk Lorentz fac-
tors (Γ = 1, 10 and 100), as illustrated in figure 1. We
show both the maximum energy of neutrinos produced
through charged pion and muon decays, respectively with
dashed and solid contours, and compare the energies ob-
tained without or with secondary acceleration, in the left
and right columns. In this calculation, we assume that the
fractions of parent energies deposited in daughter species
are χp→pi± ' 0.2, χpi±→µ± ' 0.8, χpi±→νdirect ' 0.2 and
χµ±→νdirect ' 0.3, from the kinematics of photomeson
production (see e.g. Hümmer et al. 2010), and from the
kinematics of two and three body decays. The notation
χpi±→νdirect refers to the muon neutrinos directly produced
through charged pion decay pi+ → µ++νµ or pi− → µ−+ν¯µ,
whereas the notation χµ±→νdirect refers to the muon and
electron neutrinos directly produced through charged muon
decay µ+ → e+ + ν¯µ + νe and µ− → e− + νµ + ν¯e.
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We also locate typical flaring source categories in the
parameter space: magnetar short bursts (SB), intermedi-
ate bursts (IB) and giant flares (GF), Crab flares, novae,
thermonuclear and core-collapse supernovae (SNe), super-
luminous supernovae (SLSNe), black hole (BH) mergers,
low-luminosity (LL) and high-luminosity (HL) gamma-ray
bursts (GRBs), blazar flares, and tidal disruption events
(TDEs). For more detail about these source categories and
their location in parameter space, see Guépin & Kotera
(2017). A grey band has been added to locate pulsars,
in particular millisecond magnetars and new-born pulsars
with millisecond periods, in the parameter space with Γ =
1. The contribution of these sources to observed cosmic-
ray and neutrino fluxes have been studied for instance in
Venkatesan et al. (1997); Blasi et al. (2000); Arons (2003);
Fang et al. (2012, 2013); Lemoine et al. (2015); Kotera
et al. (2015). We locate these sources in the parameter
space by associating the bolometric luminosity to the spin-
down luminosity and the variability time-scale to the spin-
down time-scale, respectively Lsd = cB2pR6/[4(cP/2pi)4]
and tsd = 9Ic3P 2/8pi2B2pR6, where Bp, R, P and I are the
polar magnetic field, radius, initial spin period and moment
of inertia or the pulsar.
The left column of figure 1 shows neutrino maximum en-
ergy without the impact of secondary acceleration. We note
that neutrinos produced through charged pion and muon
decays do not necessarily reach the same energies, espe-
cially when important secondary energy-losses are at play.
At high bolometric luminosities (e.g. Lbol > 1042 erg s−1
for Γ = 1) synchrotron losses are dominant due to the large
magnetic fields. At lower luminosities and small variabil-
ity timescales, where the contour lines are vertical, adia-
batic losses are dominant. In these regions of the parameter
space, energy losses occur before the decay of the charged
pions or muons. Due to the larger disintegration time of
charged muons, for the same parameters tvar, Lbol and Γ,
they lose more energy than charged muons before decaying.
The right column of figure 1 illustrates the influence of
secondary acceleration. It is only effective in a portion of
the parameter space, where t′acc < t′dec. This gives the con-
straint Lbol > (m2c5δ6/2τ2e2ηB)t2var for efficient secondary
acceleration, where m and τ are the mass and decay time
of charged pions or muons. Due to the larger decay time of
muons, their acceleration can occur at lower Lbol for fixed
tvar. Consequently, neutrinos produced through muon de-
cay can reach significantly higher energies than neutrinos
produced through pion decay in the transition region where
secondary acceleration becomes efficient. In the rest of the
parameter space impacted by secondary acceleration, neu-
trinos produced by the decay of charged pion and muon
reach similar energies. From this parameter space study,
we see that many objects could be influenced by secondary
acceleration: millisecond magnetars, magnetar intermedi-
ate bursts, short bursts and magnetar giant flares, low-
luminosity gamma-ray bursts, high-luminosity gamma-ray
bursts, and tidal disruption events and blazar flares to a
slightly lesser extent.
We emphasize that the maximum energies illustrated
in these parameter spaces are indicative. First, the factor
ηB = 1 which sets the magnetic field influences accelera-
tion but also synchrotron losses. Lower ηB lead to less effi-
cient acceleration thus lower neutrino energy where decay
is dominant, but lower synchrotron losses thus higher neu-
trino energy where synchrotron is dominant. We note that
this simple example does not account for additional en-
ergy losses such as photopion interactions, see appendix A.
Second, in the case of secondary acceleration, only a small
fraction of secondaries could be accelerated and thus only a
small fraction of neutrinos could be produced at this maxi-
mum energy. It is therefore important to determine the peak
energy of the neutrino spectrum, and case-by-case studies
are required. In the following, we consider several fiducial
examples or sources classes, in order to illustrate the con-
sequences of secondary acceleration in different regions of
the parameter space of explosive transients.
4. High-energy neutrino spectra
As described in section 2, a mono-energetic spectrum of
protons is injected in the flaring region, and protons un-
dergo acceleration and energy-loss processes before escap-
ing the flaring region or producing a pion. The slope α
of the proton spectrum escaping the acceleration process
dNp/dEp ∝ E−αp is determined by the probability pesc
of escaping the acceleration region. This probability also
controls the efficiency of secondary acceleration. In the
following we compare two cases: α ' 1.1, obtained for
pesc,low ' 0.067 and α ' 1.9, obtained for pesc,high ' 0.46.
For α = 1.1, most of the cosmic-ray energy is channeled
into the highest energies, whereas for α = 1.9, the energy is
more spread across the spectrum. The high-energy cut-off
of the proton spectrum is determined by the competition
between acceleration and energy losses.
In order to normalize the spectra, we consider E ′acc,p =
ηp E ′rad, where E ′acc,p is the energy required to accelerate
protons in the comoving frame, E ′rad ∼ δ−3Lboltdur is the
comoving non-thermal energy radiated during the total du-
ration of the emission tdur and ηp is a constant. We note
that the factor ηp depends on the radiation efficiency and
the baryon loading, and can vary by many orders of magni-
tude. Considering the total energy for acceleration E ′acc and
the energy required to accelerate electrons (and positrons)
E ′acc,e we have E ′acc = E ′acc,p+E ′acc,e, with E ′acc,p = ηacc,p E ′acc
and E ′acc,e = ηacc,e E ′acc such that ηacc,p + ηacc,e = 1. More-
over, the accelerated protons and electrons radiate a frac-
tion of their acceleration energy, for instance through syn-
chrotron radiation for protons and electrons or pi0 pro-
duction for protons, such that E ′rad,p = ηrad,p E ′acc,p and
E ′rad,e = ηrad,e E ′acc,e. With this simple description, we ob-
tain E ′rad = E ′rad,p+E ′rad,e = E ′acc,p(ηrad,p+ηrad,eηacc,p/ηacc,e)
and ηp = [ηrad,p + ηrad,e ηacc,p/(1− ηacc,p)]−1. Therefore, if
both electrons and protons radiate most of their acceler-
ation energy, ηp ∼ ηacc,p < 1 and the normalization can
be directly constrained by the baryon loading. However, if
only a small fraction of the acceleration energy of protons
or electrons is radiated, for instance if radiation is not lim-
iting for acceleration or the spectra are soft, or if a part
of the non-thermal photons interact and produce delayed
emissions, we can have ηp  1. We note that in our case
studies, the maximum energies of protons and electrons are
mostly limited by radiation, through synchrotron or pi0 pro-
duction. Moreover, the escape probabilities pesc considered
lead to hard spectra. Therefore, if protons and electrons
experience the same acceleration processes, most of the ac-
celeration energy is radiated, and in this case ηp = 1 can
be considered as an upper bound. To obtain the fluence on
Earth, we also include a factor 1/(4pid2L), where dL is the
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Fig. 1: Maximum neutrino energy without (left column) and with (right column) secondary acceleration, as a function of
the variability timescale tvar and the bolometric luminosity Lbol of a flaring source, with bulk Lorentz factor Γ = 1, 10, 100
(from top to bottom). Dashed and solid contours indicate the maximum energy of neutrinos produced respectively
through charged pion and charged muon decay. Overlayed are examples of location of benchmark explosive transients in
the tvar − Lbol parameter-space. The pale orange region indicates the domain where no source is expected to be found
due to the excessive energy budget.
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luminosity distance from the source, and a factor δ3, which
accounts for the transformation from the comoving frame
to the observer frame.
4.1. Case studies
Our case studies focus on several regions of the parameter
space of explosive transients that can be related to spe-
cific source categories. From section 3, different types of
transient emissions from highly magnetized pulsars (also
magnetars) can be affected by secondary acceleration. As
mentioned earlier, magnetars have been identified in many
studies as promising candidates for the acceleration of cos-
mic rays and the production of secondary high-energy neu-
trinos, for instance Blasi et al. (2000); Fang et al. (2012,
2013); Lemoine et al. (2015); Kotera et al. (2015). The case
of newborn magnetars with millisecond periods illustrates
a non-relativistic source class, whereas the case of mag-
netar giant flares involves relativistic outflows. Moreover,
tidal disruption events, low-luminosity gamma-ray bursts
and blazar flares are examples of relativistic outflows, whose
properties partially overlap in the parameter space of ex-
plosive transients. In these overlapping regions, they can
be similarly affected by secondary acceleration. Therefore,
we choose to describe the case of jetted tidal disruptions,
while keeping in mind that this case study can be used as a
benchmark example for low-luminosity gamma-ray bursts
and blazar flares. We note that beyond standard scenarios
involving gamma-ray bursts (e.g. Waxman & Bahcall 1997;
Murase & Nagataki 2006; Murase et al. 2008; Mészáros
2015) and active galactic nuclei (e.g. Bednarek & Protheroe
1999; Atoyan & Dermer 2001; Halzen & Hooper 2005; Der-
mer et al. 2014; Petropoulou et al. 2016; Murase et al. 2018;
Gao et al. 2019), jetted tidal disruptions have also been
proposed as candidate sources for the production of high-
energy cosmic rays and neutrinos Wang et al. 2011; Senno
et al. 2016; Dai & Fang 2017; Lunardini & Winter 2016;
Wang & Liu 2016; Zhang et al. 2017; Biehl et al. 2018;
Guépin et al. 2018. These case studies are associated with
different types of photon fields, that we simply model by
hard or soft broken power laws, and we can thus assess
their impact on the high-energy neutrino spectrum. From
section 3, all these source categories are affected by strong
secondary synchrotron losses and should be affected differ-
ently by secondary acceleration.
First, we focus on the case of millisecond magnetars
formed from binary neutron star mergers, as magnetars
formed in core-collapse supernovae are surrounded by a
massive envelope, and thus their high-energy neutrino pro-
duction is dominated by purely hadronic interactions. We
follow the approach of Fang & Metzger (2017). As the mag-
netic field at the pole of the neutron star has a strong influ-
ence on the spin-down luminosity and thus the associated
bolometric luminosity, we consider two cases Bp = 1014 G
and Bp = 1015 G. For both cases, we have Γ = 1, tdur = tvar
and we consider the spin-down luminosity at t = tvar,
such as Lsd ∝ (1 + t/tsd)−2. For Bp = 1014 G, we have
tvar = 3 × 105 s and Lbol = 4 × 1046 erg s−1, and for
Bp = 10
15 G, tvar = 3×103 s and Lbol = 4×1048 erg s−1. In
both cases, the system should be surrounded by hadronic
material, typically Mej = 10−2M. In the last case, purely
hadronic interactions play a minor role at the lowest en-
ergies and can thus be neglected; nevertheless, we have in-
cluded them in our neutrino spectra for sake of consistency.
From Fang & Metzger (2017), optical/UV/X-ray thermal
and non-thermal radiation backgrounds should contribute
to the production of high-energy neutrinos. For simplicity
and to comply with our model, the target for photohadronic
interactions is modeled as a broken power law with a hard
spectral index a = −1 below b = 1 eV, accounting for the
thermal contribution, and b = 3.1 above, accounting for the
non-thermal tail.
Second, we study the case of magnetar giant flares.
In our model, they are characterized by a variability
timescale tvar = 10−2 s, a bolometric luminosity Lbol =
2 × 1047 erg s−1, a bulk Lorentz factor Γ = 10 and a total
duration tdur = 1 s. The photon spectrum used as a target
for photohadronic interactions is a power law characterized
by a hard spectral index a = 0.1 below ′b = 5 keV and
b = 3.1 above.
Third, we describe tidal disruptions powering relativis-
tic jets by a variability timescale tvar = 102 s, a bolomet-
ric luminosity Lbol = 1048 erg s−1, a bulk Lorentz factor
Γ = 10 and a total duration tdur = 105 s. The photon spec-
trum used as a target for the interactions is characterized
by a break energy ′b = 0.5 keV, a soft spectral index below
the break a = 1.8 and a spectral index above the break
b = 3.1. Due to the scarcity of observations of jetted tidal
disruptions, the photon spectrum is not well constrained,
thus we consider a soft spectrum, that can be adapted to
the cases of low-luminosity gamma-ray bursts and blazar
flares.
The length scales of the different energy-gain and
energy-loss processes accounted for in our calculation are
illustrated in appendix B for protons, for the case studies
described above. The maximum energies of accelerated par-
ticles, and more generally the energies at which the different
processes occur, can be related to the proton and neutrino
spectra shown in the following.
4.2. Proton spectrum and secondary losses
The proton and neutrino spectra that we obtain for these
three case studies are illustrated in figure 2. The indicative
luminosity distances chosen are respectively dL = 100 Mpc,
dL = 100 kpc and dL = 100 Mpc. For each case, we com-
pare two proton spectra: the spectrum obtained only with
acceleration and continuous energy losses when protons just
escape acceleration region, and the spectrum of protons es-
caping the source. These spectra are thus illustrative only
and do not correspond to any observable spectrum. In par-
ticular, the spectrum of protons escaping the source does
not account for propagation and interaction effects outside
of the source. In order to obtain a reasonable statistics at
the highest energies, especially for pesc,high, for which the
number of particles decrease with the energy, the low en-
ergy part of the proton spectra are not calculated. At these
energies the high-energy neutrino production is inefficient,
thus it does not impact our results. For each case study,
we also compare two all-flavor neutrino spectra, obtained
without and with secondary acceleration. These spectra do
not account for the neutrino adiabatic losses due to the
universe expansion as we focus on the impact of secondary
acceleration.
In this work, two acceleration efficiencies are compared,
with pesc,low and pesc,high, in the so-called Bohm regime.
This model produces power-law with indices α ' 1.1 and
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Fig. 2: Proton and neutrino spectra for millisecond magnetars (top), magnetar giant flares (middle) and jetted tidal
disruptions (bottom). For millisecond magnetars, we compare Bp = 1014 G and Bp = 1015 G (green and red lines) for
pesc,low. For magnetar giant flares and jetted tidal disruptions, we compare pesc,low and pesc,high (blue and orange lines).
Left column: spectra of purely accelerated protons escaping the acceleration process without photohadronic interactions
(dotted lines) and protons escaping the flaring region (solid lines). Right column: neutrino spectra without and with
secondary acceleration (thin and thick lines).
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α ' 1.9. For millisecond magnetars, we focus on the case
pesc,low, given the typical mono-energetic injection of cos-
mic rays integrated over spin-down time that produces a
hard cosmic-ray spectrum, but we compare the cases Bp =
1014 G and Bp = 1015 G. For magnetar giant flares and
jetted tidal disruptions, we compare pesc,low and pesc,high.
We note the sharp peak of the accelerated proton spectra
that appears for pesc,low, which is characteristic of the max-
imally efficient acceleration process considered, as a large
amount of injected particles pile up at the energy at which
energy losses become dominant. When synchrotron radia-
tion is the limiting mechanism for acceleration, the spec-
trum of escaping protons also shows a sharp peak at the
maximum energy, which is the case for the magnetar giant
flare case study with pesc,low. When photomeson produc-
tion is the energy-loss mechanism limiting proton acceler-
ation, this peak is less pronounced due to our modeling of
photomeson production as a random process. In this case,
protons interact before being accelerated to the highest en-
ergies allowed by the competition between acceleration and
synchrotron or adiabatic losses. We note that this effect can
be more pronounced for soft photon spectra than for hard
spectra, as in this case the mean free path of photopion
production decreases with increasing energy. As expected,
photomeson production produces a break or a cut-off in
the spectra of escaping protons. For efficient photomeson
production, only a small fraction of the highest-energy pro-
tons escape the source. At these energies, the slope of the
spectrum of escaping protons αesc is determined by the ac-
celerated proton and photon spectra, such that αesc = α
for a hard photon spectrum, as illustrated by the case of
case of magnetar giant flares.
Regardless whether or not the secondary acceleration if
accounted for, pesc can have an important impact on the
peak neutrino flux, as it influences the slope of the pro-
ton spectrum. The high-energy neutrino peak flux can be
more than one order of magnitude lower for pesc,low than
for pesc,high, as shown in figure 2, as the number of particles
piling up at the peak energy due to secondary losses is lower
than the flux decrease due to the spectral index difference.
These effects can be confirmed by comparing estimates of
the cumulated proton fluxes at the energy corresponding to
the neutrino peak fluxes E2pkΦ(Epk) + Epk
∫ Emax
Epk
dEΦ(E).
The peak energies of the neutrino spectra calculated in
our case studies without secondary acceleration are consis-
tent with the maximum energies calculated in section 3.
Moreover, we note that the peaks of the νpi±→νdirect and
νµ±→νdirect neutrino spectra can be distinguished. With our
assumptions, νpi±→νdirect are 100% of muon neutrinos and
νµ±→νdirect are 50% of muon neutrinos and 50% of electron
neutrinos. After propagation and oscillation, the flavor ra-
tios of transient neutrino flares detected at Earth should
therefore be energy dependent (e.g. Bustamante & Ahlers
2019), which could be probed by next-generation neutrino
detectors. Despite the fact that more νµ±→νdirect are pro-
duced, the peak of the νpi±→νdirect neutrino spectra can be
higher than the peak of the νµ±→νdirect neutrino spectra,
due to the gap between νpi±→νdirect and νµ±→νdirect ener-
gies, in the case of large secondary energy losses.
As shown in figure 1, our case studies are differently
impacted by secondary losses, which affects the neutrino
spectra by shifting the maximum neutrino energies below
the typical 5% of the maximum proton energies obtained
without secondary losses. For all case studies, synchrotron
losses have an impact on the proton, charged pion and
charged muon spectra. As illustrated by the energies of
the proton spectral peaks in figure 2, they affect millisec-
ond magnetars with Bp = 1014 G less than the ones with
Bp = 10
15 G. Among our case studies, millisecond mag-
netars with Bp = 1015 G and magnetar giant flares are
the most impacted by secondary synchrotron losses. The
effect is less pronounced for millisecond magnetars with
Bp = 10
14 G and tidal disruptions. We also note that pion
cascades could contribute to secondary energy losses. In
our case studies, they play a minor role, as discussed in
appendix A.
4.3. Secondary acceleration
Our case studies demonstrate that secondary acceleration
can impact the neutrino spectrum: the neutrino flux at the
highest energies can increase, as well as the peak energy of
the neutrino spectrum. These effects vary as a function of
the competition between secondary acceleration and losses,
and as a function of pesc. Among our case studies, we ob-
serve mostly two different types of neutrino spectra.
When secondary acceleration is efficient (tacc  tloss),
the neutrino peak energy and flux can be significantly mod-
ified. This is the case for the millisecond magnetar with
Bp = 10
15 G and magnetar giant flare case studies. The
slope of the high-energy part of the neutrino spectrum pro-
duced through secondary acceleration is steeper than the
slope of the proton spectrum, because of the impact of the
energy losses of secondaries after they escape from the accel-
eration zone and before they decay. For instance, for mag-
netar giant flares, this slope is approximately α + 1.5 for
νpi±→νdirect and α+ 1.8 for νµ±→νdirect , where α is the slope
of the proton spectrum. Therefore, for pesc,low, a secondary
peak is produced in the neutrino spectrum, around the max-
imum energies predicted in section 3. Some neutrinos reach
slightly higher energies due decay kinematics. We note that
the spectra of accelerated charged pions and muons can
show sharp peaks, as the spectra of accelerated protons,
but these peaks are smoothed by decay kinematics, as no-
ticed in Winter et al. (2014). For millisecond magnetars
with Bp = 1015 G and magnetar giant flares, the maximum
energy with secondary acceleration, and thus the energy of
the secondary peak, is about 10−100 times higher than the
one predicted without secondary acceleration. For pesc,low,
the secondary peak is at the same level than the primary
peak, and could therefore enhance significantly the neutrino
detectability at high energies. For pesc,high, the secondary
peak is low but the high-energy part of the spectrum is still
enhanced. The secondary peak is two orders of magnitude
below the peak flux, even if it is a factor of 10 higher than
the flux obtained without secondary acceleration. We note
that despite the larger decay time of charged muons and
thus their greater propensity to be accelerated, the sec-
ondary peak is dominated by muon neutrinos from pion
decay, due to the slope of the muon spectrum.
When secondary acceleration is less efficient, the in-
crease of the peak energy is less pronounced and thus no
secondary neutrino peak is produced. This is the case for
millisecond magnetars with Bp = 1014 G and jetted tidal
disruptions, for which only charged muons are expected to
experience significant acceleration. Nevertheless, the neu-
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trino flux at peak can increase by a factor of 3 − 5 with
respect to the case without secondary acceleration. As pre-
viously, the spectral shape is more impacted by secondary
acceleration for pesc,low, as more secondaries pile-up at the
highest energies. In these cases, charged pions and muons
contribute equally to the neutrino peak, producing a differ-
ent flavor ratio than in the case of efficient acceleration.
In our calculations of the neutrino maximum energy and
spectrum, we have maximized the effects of secondary ac-
celeration by considering the Bohm regime, together with
the constant escape probability pesc,low. However, as men-
tioned in section 2, a large variety of models could be con-
sidered for the acceleration timescale. In the case of scat-
tering against magnetic inhomogeneities, an analytic solu-
tion of equation 1 is more difficult to establish. However,
this differential equation can be solved numerically and sev-
eral salient points can be examined despite longer compu-
tational times. As expected, the coherence length of the
magnetic field lB influences the efficiency of acceleration.
We note that considering a coherence length equal to the
Larmor radius of the highest energy particles in the Bohm
regime rL = Emax/eB, where Emax = (
√
∆− A1)/2A2, al-
lows to retrieve particle acceleration as efficient as in the
Bohm regime. However, this coherence length that maxi-
mizes acceleration is not the same for protons, charged pi-
ons and charged muons. Therefore, if the coherence length
is fixed, the efficiency of primary or secondary acceleration
can be severely reduced. Nevertheless, as shown in figure 1,
if secondary acceleration operates in the Bohm regime the
maximum energies of charged pions and muons are similar.
Therefore, if the coherence length is fixed to the charged
pion or charged muon maximum Larmor radius, the maxi-
mum energies of neutrinos should be similar than the ones
obtained in the Bohm regime. We have confirmed this hy-
pothesis by detailed calculations of the neutrino maximum
energies, and for our case studies of the neutrino spectra.
For the magnetar giant flare case study, due to the large
secondary energy losses, the coherence length equal to the
maximum Larmor radius of charged pions corresponds ap-
proximately to a fraction 5 × 10−5 of the comoving size
of the flaring region. We note that while increasing sec-
ondary acceleration, this coherence length decrease the pro-
ton maximum energy, and could thus impact the spectra of
accelerated, interacting and escaping protons.
5. Discussion
We have examined several physical processes that can influ-
ence the production of high-energy neutrino flares in explo-
sive transients, with a focus on the acceleration of secondary
particles, namely charged pions and muons, before they de-
cay and produce neutrinos. Following Guépin & Kotera
(2017), we have considered photohadronic interactions as
the dominant mechanism for the production of high-energy
neutrino flares. Our one-zone model can be applied to a
large variety of explosive transients and enables quick pa-
rameter space scans, by varying the variability timescale
tvar, the bolometric luminosity Lbol and the bulk Lorentz
factor Γ characterizing the transient emission. We have cal-
culated the maximum energy of neutrinos in this parameter
space. We have also carried several case studies in order to
examine in more detail the effect of secondary acceleration
on high-energy neutrino spectra, and identify in which cases
the maximum energy corresponds to a prominent spectral
feature. For this purpose, we adopted a simple modeling of
the photon spectrum, the target for photohadronic interac-
tion: we considered a broken power-law, characterized by
its break energy and two spectral indices.
We have shown that secondary acceleration have a
strong impact on sources experiencing large secondary
losses, and that efficient secondary acceleration can increase
significantly the maximum neutrino energy, and in some
cases can produce an additional spectral peak. Given the
sensitivities of current neutrino observatories, the scarcity
of observations, and the number of parameters involved in
the modeling of transient neutrino emissions, it is still dif-
ficult to draw a definite conclusion about a specific source
category. In the long term, the association of several neu-
trinos with one transient source and eventually the recon-
struction of its neutrino spectrum, together with its gamma
rays spectrum, will be required to clearly identify features
of secondary acceleration. Given the peak neutrino energies
predicted and the sensitivities of current high-energy neu-
trino detectors, these features could be probed by the next
generation of neutrino detectors, such as IceCube-Gen2, or
future observatories designed particularly for the detection
of very-high-energy neutrinos above 1017−1018 eV and plan
to improve significantly current sensitivity limits, as PO-
EMMA or GRAND.
Our results are consistent with Reynoso (2014); Winter
et al. (2014) in terms of potential secondary acceleration
in gamma-ray bursts, typical spectral features produced by
secondary acceleration and increase of the maximum flux.
However, in our work, we did not focus on a specific source
class and aimed at a general model to scan the full param-
eter space of explosive transients. As a consequence, our
model is slightly different, as we have considered a one-zone
model, without distinguishing between acceleration and ra-
diation zone. Thus we did not model explicitly particle
transport. Furthermore, we have considered only one accel-
eration process, without distinguishing between shock and
stochastic acceleration. Assuming a mono-energetic proton
injection, we have treated the acceleration of protons and
secondary self-consistently, with a parametrization produc-
ing power-law spectra. We accounted for the impact of pho-
tohadronic interactions on proton acceleration, which can
have a strong impact on the energy required for acceler-
ation and the radiated energy. We also evaluated the po-
tential secondary energy losses due to pion cascades, which
could be important for several source categories, such as
high-luminosity gamma-ray bursts. Such estimates should
be refined on a case-by-case basis, with a precise modeling
of the target photon spectra and on the photopion cross
section and inelasticity, in particular in the resonance re-
gion. Moreover, several proton injection spectra could be
tested and additional phenomenological models for particle
acceleration could be explored, for instance with a variable
escape probability pesc depending on the particle proper-
ties.
We have focused on high-energy neutrino production
and did not study the associated non-thermal radiation.
We note that for our case studies, the gamma-ray spectra
produced through pi0 decay, and their interaction with the
flaring photon background through γγ → e+e− processes,
result in pile-up of gamma-ray photons in MeV or GeV en-
ergy ranges. Furthermore, we have noticed with simple esti-
mates that secondary acceleration can increase non-thermal
radiation, for instance through an increase of synchrotron
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radiation of charged pions and muons when they are accel-
erated. In most of the cases, charged muons radiate more
that charged pions due to their longer lifetimes. With sec-
ondary acceleration, the total energy radiated through syn-
chrotron can increase up to a factor 102. The case studies
with large secondary energy losses and efficient accelera-
tion, namely millisecond magnetars with B = 1015 G and
magnetar giant flares with pesc,low, show the largest increase
in radiated energy. In this cases, it could further constrain
the parameter ηp used for spectra normalization, as it would
be essential to include the contribution of secondary mesons
and leptons to the total energy radiated ∼ Lboltdur. In the
future, the impact of secondary acceleration on the non-
thermal radiation spectra could be tested for specific tran-
sient sources.
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Appendix A: Pion cascades
A large fraction of the parameter space considered can lead
to efficient photomeson production. It is therefore impor-
tant to assess the impact of interactions between photons
and charged pions, as possible additional secondary energy
losses. For this purpose, we calculate in the parameter space
of explosive transients the probability that energy losses
due to photopion interactions happen before synchrotron
or adiabatic energy losses or decay, ppi ∼ exp[−tγpi(1/tdyn+
1/tsyn+1/tdec)], where tdyn is the dynamical timescale, and
tsyn and tdec are respectively the synchrotron energy-loss
timescale and the decay time for charged pions. To calculate
the photopion energy-loss timescale tγpi, we approximate
the γpi± inelastic cross section by 2/3 of the photomeson
production cross section, and consider the same inelastic-
ity. This approximation is more accurate in the multi-pion
production region; however, for the purpose of our simple
estimates, we extend this approximation until the pion pro-
duction threshold and do not model precisely the ρ(770)
resonance region. The timescales are evaluated at the max-
imum pion energy in the comoving frame obtained in sec-
tion 3 without secondary acceleration.
The results are illustrated in figure A.1 in the parameter
space tvar − Lbol, for Γ = 1, 10, 100. We consider a power-
law spectrum with b = 105 eV, a = 1.8 and b = 3.1. For
these parameters, we note that photopion interactions can
have an impact in a limited fraction of the parameter space,
and that this impact is small. The impacted region of the
parameter space shifts toward higher variability timescales
when b decreases. Its width towards low luminosities is
controlled by a, and decreases when a decreases. Its width
towards high luminosities is controlled by b, and increases
when b increases. As expected, the photon spectrum influ-
ences strongly the impact of photopion interactions.
In the regions of the parameter space where pions cas-
cades have an impact, charged pions are also subject to
strong synchrotron losses. We recall that in this study,
the parameter ηB = 1 controls the magnetic field, such
that UB = ηBUrad. A smaller ηB value would decrease
synchrotron losses, and pions cascades would play a more
prominent role in the energy losses of charged pion. Our pa-
rameter ηB = 1 is thus maximizing synchrotron losses, and
smaller ηB would require a more careful treatment of pion
cascades for the sources categories considered in section 4.
In figure A.1, we have focused on the maximum pion
energy obtained without secondary acceleration, as the
νpi±→νdirect spectrum peaks usually at this energy. However,
we note that a large amount of charged pions can be acceler-
ated at larger energies and contribute to a secondary peak
in the neutrino spectrum. At higher energies, photopion
interactions affect a larger fraction of the parameter space,
while remaining subdominant. Therefore, in the cases where
secondary acceleration is efficient and produces a secondary
peak in the neutrino spectrum, this secondary peak could
be more affected by pion cascades than the primary peak.
To conclude, explosive transients with small variability
timescales and high luminosities -such as high-luminosity
gamma-ray bursts- are the most likely to be affected by pion
cascades. Due to the numerous parameters affecting these
interactions, case-by-case estimates are required. Among
our case studies, the impact of pion cascades is small, due
to the hard photon spectra in the case of magnetars, or due
to the variability timescales in the case of tidal disruptions.
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Fig. A.1: Probability that energy losses due to photopion
interactions happen before synchrotron or adiabatic energy
losses or decay, in the parameter space tvar − Lbol, for a
power-law spectrum with b = 105 eV, a = 1.8 and b = 3.1,
for Γ = 1, 10, 100 (from top to bottom).
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Appendix B: Characteristic length scales
The characteristic length scales of energy loss and gain pro-
cesses for protons are illustrated in figure B.1, for the case
studies detailed in section 4, namely millisecond magnetars
with Bp = 1014 G and with Bp = 1015 G, magnetar gi-
ant flares, and tidal disruptions. We show the photopion
scattering length scale, the synchrotron, Bethe-Heitler and
inverse Compton energy-loss length scales, the acceleration
length scale and the typical comoving size of the flaring
region.
Acceleration, photopion production and synchrotron
losses are the dominant processes. Among the energy loss
processes, photopion production and synchrotron are dom-
inant at the highest energies. We note that Bethe-Heitler
losses can be marginally dominant at low energies, and at
the lowest energies adiabatic losses (or escape from the flar-
ing region) dominate. Inverse Compton losses are always
subdominant. Due to the equipartition hypothesis between
the magnetic and radiation energy densities and ηB = 1, the
synchrotron and inverse Compton energy-loss timescales
are equal in the Thomson regime. Inverse Compton losses
are inefficient at the highest energies due to the transition
from the Thomson to the Klein-Nishina regime.
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Fig. B.1: Characteristic proton length scales as a function of the comoving Lorentz factor γ′, for the four case studies:
millisecond magnetars with Bp = 1014 G (top left), and with Bp = 1015 G (top right), magnetar giant flares (bottom
left) and tidal disruptions (bottom right).
The shape of the photopion scattering length scale l′pγ is
related to the photon spectrum. For low proton energies, the
contribution of the high-energy part of the photon spectrum
is dominant. For high proton energies, the low-energy part
of the photon spectrum dominates. The slope xpγ of l′pγ(γ′)
depends on the slope of the photon spectrum, such as xpγ =
1− x for a soft spectrum of index x and xpγ = 0 for a hard
spectrum.
The maximum energies of protons can be estimated by
comparing acceleration and energy-loss length scales, by
computing the minimum Lorentz factor such as l′acc = l′loss.
The values shown in figure B.1 are consistent with the pro-
ton spectra from figure 2. Similar acceleration and energy
loss length, together with decay length, can be computed
for charged pions and muons.
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